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Abstract
Appropriate evaluation of fire behavior during the fully-developed phase is important for
assessing the risk of building collapse and fire spread to adjacent buildings. In this study, a series
of model experiments was conducted to investigate the fire behavior in compartments with
varying wood fuel loads. Under small opening conditions, the increase in the wood fuel load had
no notable effect on the heat release rate (HRR), but increased the fire duration and gas
temperature. In certain cases, wood surface combustion continued even after flame ejection from
the opening had ended, which maintained a high gas temperature for a long time. Under large
opening conditions, the increase in wood fuel load had no notable effect on the fire duration, but
increased the HRR and the gas temperature. The gas temperature measured by experiment was
analyzed using the extended McCaffrey–Quintiere–Harkleroad (MQH) model. In the original MQH
model, the effect of heat loss to the compartment surfaces on the gas temperature was considered
as the main mechanism of heat loss. The extended model additionally considered the effects of
the radiative heat loss through the opening and the change in burning mode between ventilationcontrolled and fuel-controlled fires. For fuel-controlled fires, the effect of fuel surface area on
compartment gas temperature was explicitly considered. The results of regression of the
experimental data indicated that the power index obtained for the term for heat loss to the
compartment surfaces of the extended model was equivalent to that of the original model in both
the ventilation-controlled and fuel-controlled fire conditions. However, the newly considered
effect of radiative heat loss through openings was minor in the ventilation-controlled fire
condition.
Keywords: Fire safety; Compartment fire; Fully-developed fire; Gas temperature; Wood fuel load
Introduction
Expanding the use of wood in buildings is one of the
key strategies to realize the carbon neutrality.
Therefore, there has been a global trend to search for
the realization of large-scale wooden buildings in
recent years. However, from the viewpoint of fire safety,
use of wood is often accompanied by significant
limitations. Fire safety is generally maintained by
reducing the surface area exposed to the interior space
and by covering wood frames, such as columns and

beams, with fire-resistive materials. In contrast, from
the viewpoint of aesthetic design, the use of bare wood
is often desired. However, if a fire occurs in such a space,
the building components may be subjected to intense
heating for a longer duration. In addition, the impact on
adjacent buildings may be increased due to the
extension of flame ejected from an opening as the rate
of wood pyrolysis increases. Therefore, to maintain fire
safety in spaces with high wood fuel load, it is necessary
to adequately evaluate its behavior.
In most compartment fire experiments, the compart-
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Nomenclature
𝐴
𝐴
𝐴
𝐴
𝑐
𝑐
𝐻
∆𝐻
ℎ
ℎ
𝑘
𝐿

Area of an opening [m2]
Floor area of compartment [m2]
Fuel surface area [m2]
Total area of compartment surfaces [m2]
Heat capacity of compartment material
[kJ ∙ kg ∙ K ]
Heat capacity of gas at constant pressure
[kJ ∙ kg ∙ K ]
Height of the opening [m]
Heat of combustion [kJ ∙ kg ]
Effective heat transfer coefficient
[kW ∙ m ∙ K ]
Heat transfer coefficient of compartment
surface [kW ∙ m ∙ K ]
Heat conductivity of compartment material
[kW ∙ m ∙ K ]
Latent heat of pyrolysis of wood [kJ ∙ kg ]

𝑚
𝑚
𝑄
𝑄
𝑄
𝑇
𝑇
𝑇
𝑡

Mass flow rate by ventilation [kg ∙ s ]
Mass burning rate [kg ∙ s ]
Heat release rate [kW]
Radiant heat loss through opening [kW]
Heat loss to compartment surfaces [kW]
Fire temperature [℃]
Maximum fire temperature [℃]
Ambient gas temperature [℃]
time [s]

Greek symbols
𝛾
Stoichiometric air–fuel ratio [–]
𝛿
Thickness of compartment material [m]
𝜌
Density of compartment material [kg ∙ m ]
𝜎
Stefan–Boltzmann constant
[kW ∙ m ∙ K ]

ment surfaces were constructed with fire-resistive
materials. Although there have been some recent
experiments focusing on the fire safety of buildings
using cross-laminated timber (CLT), there have been
relatively few investigations of the fire behavior inside
a compartment whose internal surfaces are covered
with wooden materials. Shields et al. conducted fullscale fire experiments in an ISO room to study the
behavior of commonly used cellulosic lining materials
under real fire conditions [1]. The linings included fire
retarded, melamine faced, and non-fire retarded
boards, which facilitated a comparative study of the
behavior of these materials with respect to ignition,
flame spread, heat release rate, and time to flashover
[1]. Li et al. conducted a series of 10 fire tests using
compartments representative of common CLT
construction primarily to investigate the contribution
of exposed timber to the heat release rate [2]. In their
test configuration, the CLT panels were responsible for
over 60% of total heat release in the fully unprotected
CLT room and doubled the heat release rate of a fully
protected room fire where the CLT does not make a
contribution [2]. Emberley et al. and Hadden et al.
separately conducted compartment fire experiments to
evaluate the impact of CLT linings with a focus on selfextinction in CLT [3, 4]. Su et al. conducted a series of
six fire tests to evaluate the contribution of mass timber
elements to room/compartment fires with the types of
structural systems that are expected to be found in tall
buildings [5]. They reported that after the initial decay,
a large re-flash occurred on the exposed wall with
delamination of the second ply of the CLT, which caused
a second flashover in the fire [5].
Although there are several perspectives in evaluating
the risk of fires occurring in space s with high wood fuel
load, the maximum temperature inside the compart-

ment during the fully-developed phase of a fire is
important, especially when evaluating the risk of
building collapse or fire spread to adjacent buildings.
Walton et al. provided an informative overview of
simple formulas for predicting compartment fire
temperatures [6]. The model proposed by Babrauskas
calculates the compartment fire temperature as a
product of fire-related factors, 𝜃 , including those on
the combustion efficiency, heat loss to compartment
surfaces, etc. [7, 8]. Based on a series of compartment
fire experiments, Law et al. approximated the
maximum compartment fire temperature using the
parameter, Ω, which is the ratio of the total area of the
compartment surfaces, 𝐴 , representing the heat loss
from the gas to the ventilation factor, and 𝐴√𝐻 ,
representing the combustion intensity [9, 10]. For the
fire growth phase, a basic framework for predicting the
compartment gas temperature was presented by
McCaffrey, Quintiere, and Harkleroad (MQH model),
and was found to be applicable to a wide range of
conditions [11]. The MQH model, which was originally
intended to predict the compartment fire temperature
in the fire growth phase, was later extended to the fullydeveloped phase (ventilation-controlled fire) by
Tanaka et al. and Matsuyama et al. [12, 13]. Delichatsios
et al. also proposed a prediction model for the
development of compartment fire temperature by
introducing the adiabatic temperature [14].
This study was performed to investigate the fire
behavior in spaces with varying wood fuel loads by
compartment fire experiments. Two types of combustibles were used: wood crib as a stored combustible and
laminated veneer lumber (LVL) boards attached as the
interior lining. The thickness and the attached position
of the LVL boards in the compartment were changed to
investigate their effects. To analyze the experimental
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Table 1. Experimental conditions.
Opening geometry
Compartment
(width × height）
(width × height × depth)

Wood linings
(LVL board)
A1
None
A2
Full (10 mm)
A3
Full (18 mm)
0.25 m × 0.25 m
A4
Ceiling (18 mm)
A5
Side wall (18 mm)
A6
Floor (18 mm)
A7
None
A8
Full (10 mm)
A9
Full (18 mm)
Type A
0.375 m × 0.375 m
(0.6 m × 0.6 m × 1.0 m)
A10
Ceiling (18 mm)
A11
Side wall (18 mm)
A12
Floor (18 mm)
A13
None
A14
Full (10 mm)
A15
Full (18 mm)
0.5 m × 0.5 m
A16
Ceiling (18 mm)
A17
Side wall (18 mm)
A18
Floor (18 mm)
B1
None
0.575 m × 0.575 m
B2
Full (18 mm)
B3
Ceiling (18 mm)
B4 (F)
None
Type B
0.8 m × 0.8 m
B5
Full (18 mm)
(1.0 m × 1.0 m × 1.5 m)
B6 (F)
Ceiling (18 mm)
B7 (F)
None
0.8 m × 0.575 m
B8
Full (18 mm)
B9
Ceiling (18 mm)
* F, fuel-controlled fire; otherwise, ventilation-controlled fire. As part of a side wall was
damaged and fell out during the test in case B8, the data recorded after the damage were
excluded from the analysis.
Case*

data, an extended MQH model was used to analyze the
maximum temperature during the fully-developed
phase. In the extended model, the effects of radiative
heat loss through openings and the burn type
(ventilation-controlled or fuel-controlled) were additionally considered. This enabled prediction of the
compartment fire temperature without explicitly giving
the heat release rate as a given condition.
Experimental conditions
In this experiment, a wood crib was placed inside a
compartment with an opening on a side wall. A fire was
started by igniting 200 ml of ethanol in a 450 mm
(depth) × 325 mm (width) × 31 mm (depth) container
placed under the wood crib. A total of 27 tests were
conducted under the conditions shown in Table 1. The
effects of the opening geometry and interior lining
(thickness and attached position of LVL boards) on the
fire behavior were investigated.

Compartment
The compartments were made of calcium silicate
boards (50 mm thick) assembled as shown in Fig. 1. In
Fig. 1, D = 0.6 m for Type A and D = 0.9 m for Type B to
ensure geometric similarity between the two
compartment types. The sizes of the compartments
were determined by referring to an existing experiment,
in which a 1/8 scale model was recommended as the
minimum size model by Waterman [15]. It was
reported that a measurable amount of carbon
monoxide was produced in the smaller model, but not
at full scale [15]. In another report, Saito et al. reported
that the increasing viscous effect on the mass flow
through opening causes a change in compartment fire
behavior in small models [16]. Three opening
geometries were tested for each compartment type:
0.25 m (width) × 0.25 m (height), 0.375 m (width) ×
0.375 m (height), and 0.5 m (width) × 0.5 m (height) for
Type A, and 0.575 m (width) × 0.575 m (height), 0.8 m
(width) × 0.8 m (height), and 0.8 m (width) × 0.575 m
(height) for Type B. Compartments were assembled for
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Fig. 1. Geometry of compartments with D = 0.6 m for Type A and D = 0.9 m for Type B. The lining conditions
correspond to those of the fully covered cases.

each case and were not re-used. Three samples of
calcium silicate board (50 mm thick) cut into squares
20 cm on a side were dried in an oven for 3 days, and
the moisture content measured by comparing the
weights of the samples before and after drying was
2.7%.
Combustibles
The two types of combustibles used in the present
study were wood cribs representing stored items and
LVL boards attached to the interior surface of the
compartment representing interior linings.
Wood cribs were assembled with naturally dried
Japanese cedar bars (40 mm × 40 mm × 440 mm)
stacked in nine layers with six bars per layer. In each
test case, one wood crib was placed in the center of each
compartment lifted 50 mm above the floor surface. A
comparison of the weights before and after drying in an
oven for 3 days showed that the average moisture
content of the wood cribs was 10.5%. The average
weight of one wood crib was 13.6 kg with a standard
deviation of 0.3 kg (excluding the weight of the coarse
threads). These can be converted to average densities
of 22.7 kg/m2 in the Type A compartment and 10.1
kg/m2 in the Type B compartment.
The LVL boards were attached to either the ceiling,
the sides (except the side with the opening), the floor,
or to the entire surface. The base thickness of the LVL
board used in this experiment was 18 mm. However, in
the test cases using the Type A compartment, the
thickness of 10 mm was also tested if the entire surface
was covered. The average moisture content of the LVL
boards was measured by comparing the weight before
and after drying in an oven for 3 days; the results were
14.2% for 10-mm thick boards and 9.5% for 18-mm
thick boards. Note that each side of the interior surface
was covered with a single LVL board, which was
anchored at six peripheral points in the Type A
compartment and at 12 peripheral points in the Type B

compartment, both with coarse threads 57 mm long.
Measurement items
In this experiment, the temperature in the
compartment and the compartment surfaces, the
incident heat flux to the compartment side wall, and the
heat release rate were recorded by a data logger at 1-s
intervals from the time of ignition until almost all
combustibles had been consumed.
The installed locations of the thermocouples and
heat flux meter are shown in Fig. 1. A total of 10
sheathed thermocouples (ϕ 3.2 mm) were installed
inside the compartment, five at the corner of the
compartment near the opening and five at the far side.
In addition, three K-type thermocouples (ϕ 0.65 mm)
were installed at the center of each surface of the ceiling,
side (opposite to the opening), and floor of the
compartment, respectively, to measure the surface
temperatures of the LVL and calcium silicate boards.
One water-cooled heat flux meter (Hukseflux CHFSBG01) was installed on the wall opposite the opening
to measure the incident heat flux.
The heat release rate (HRR) during the burn test was
calculated from the mass fractions of oxygen and
carbon dioxide in the combustion gas according to the
procedure outlined in ISO 9705. Combustion gas
emitted from the experimental compartment was
collected by a smoke hood above the experimental
compartment. Thus, the HRR in this study included that
due to combustion of flammable gas outside the
compartment. The mass fractions of the components in
the combustion gas were analyzed using infrared gas
analyzers (Servomex Xentra 4100 Gas Purity Analyzer
for oxygen and Fuji Electric ZRF 2GLL1-0C0JY Infrared
Gas Analyzer for carbon dioxide).
Experimental results
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Fig. 2. The total weight of wood installed inside the compartment, HRR during the fully-developed phase, fire
duration, heat flux to side wall, and maximum fire temperature. Some data are missing for the case B8 due to damage
and falling out of the side wall during the test. F, fuel-controlled fire; otherwise, ventilation-controlled fire. The
threshold between ventilation-controlled and fuel-controlled fires is determined by the burn type factor, 𝜒 ,
(ventilation-controlled fire when 𝜒 ≤ 0.081, and fuel-controlled fire when 𝜒 0.081) [6].
– 5 –
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Fig. 3. Time development of compartment gas temperatures and HRR. Temperatures were measured at the top of
each thermocouple tree placed at the near and far corners from the opening (0.1 m and 0.167 m below the ceiling
for Type A and Type B compartments, respectively).

weight of wood installed in the compartment, the HRR
during the fully-developed phase of fire, 𝑄 , the fire
duration, 𝑡 , the heat flux to the side wall, and the
maximum fire temperature, 𝑇 , for 27 test cases.
The total weight of wood installed in the compartment shows the breakdown of wood cribs and LVL
boards. As one wood crib was installed in all cases,
there was no significant difference in weight of the
wood cribs, which was approximately 13.6 kg as
mentioned above. In contrast, the weight of LVL boards
ranged from 0 kg to 18.6 kg for the Type A
compartments and from 0 kg to 45.6 kg for the Type B
compartments. The total weight of wood brought into
the compartment ranged from 13.1 to 32.3 kg for the
Type A compartments and from 13.3 to 59.1 kg for the
Type B compartments (cf. Appendix).
The HRR, 𝑄 , is the average value during the period
when the combustion in the compartment was most

intense. In the cases A1 to A6 with the smallest
openings, the variation in value of 𝑄 was small
regardless of the presence of LVL board lining, because
the fires occurring inside were classified as ventilationcontrolled fires. In contrast, in cases B1 to B9 with
larger openings, the value of 𝑄 increased as the area
of the LVL board lining increased. Note that 𝑄 includes
not only the heat released inside but also outside the
compartment. Therefore, among the cases classified as
ventilation-controlled fires, any increase in 𝑄 due to
the installation of LVL boards under the same opening
conditions (e.g., cases B2 and B3 relative to case B1) can
be regarded as an increase in combustion mainly
outside the compartment.
It is difficult to precisely identify the end of a fire
because wood cribs and LVL boards installed in the
compartment generally continue surface combustion in
the char layer even after flaming combustion has
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Fig. 4. Comparison of the maximum compartment gas
temperatures measured in this experiment with the
predictions by the Law model.

ceased. In this study, the fire duration, 𝑡 , was defined
as the time during which flame ejection from the
opening occurred. Overall, the smaller the opening, the
longer the 𝑡 . Within the group of same compartment
and opening geometries (e.g., cases A1 to A6), the 𝑡
increased as the amount of fuel load increased.
The heat fluxes to the side wall in Fig. 2 are the values
measured by the end of the fire duration, 𝑡 ,. There is
apparently a high correlation between the 𝑡 and the
heat flux as they show a similar pattern of distribution.
The fire temperature, 𝑇 , is defined as the highest
value measured in the compartment during the period
when flame ejection from the opening occurred.
Although other representations, such as the average
value, may be used, the maximum value was considered
to be appropriate for the hazard evaluation during the
fully-developed phase of fire. In general, the 𝑇 was
higher in Type A compartments, which were smaller in
size and were all categorized as ventilation-controlled
fires. Among the cases with the same opening geometry,
the 𝑇 was higher with higher wood fuel load and
longer 𝑡 .
Time development of compartment gas temperature
Fig. 3 shows the time development of the compartment gas temperatures and the HRR, 𝑄 . Comparisons
were made with four cases of ventilation-controlled
fires, i.e., cases A1, A3 (in which LVL boards with a
thickness of 18 mm were attached to the entire inner
surface of the same compartment as in A1), A7, and A9
(in which LVL boards with a thickness of 18 mm were
attached to the entire inner surface of the same
compartment as in A7), and two cases of fuelcontrolled fires, i.e., B4 and B6 (in which LVL boards
with a thickness of 18 mm were attached to the inner
ceiling of the same compartment as in B4). The
compartment gas temperatures were measured at the

top of each thermocouple tree placed at the near and
far corners from the opening.
For fuel-controlled fires (cases B4 and B6), the HRR,
𝑄 , increased by 37.4% due to the increase in wood
fuel load by 75.3% , and as a consequence, the
compartment gas temperature also increased. The rate
of increase in the fire duration, 𝑡 , was 28.6% . An
approximation of this value can be obtained by dividing
the wood fuel load by 𝑄 . The compartment gas
temperature rose higher in the far side than the near
side. This suggests that the air supplied through the
opening was burnt after reaching the far end of the
compartment, as the combustion in the compartment is
dominated by the fuel supply rate.
In contrast to fuel-controlled fires, the HRR, 𝑄 , was
maintained at a constant level for a long time following
its peak. The 𝑄 during the peak period was mainly due
to combustion of the virgin portion of the wood,
whereas the 𝑄 during the subsequent quasi-steady
period was mainly due to surface combustion of the
char layer. Note that dotted lines in Fig. 3 show the
estimated values of HRR inside the compartment
determined by the ventilation factor, 1500𝐴√𝐻 [12].
The 𝑄 during the peak period exceeded 1500𝐴√𝐻
because the measured value in this experiment
included the combustion outside the compartment.
During the surface combustion period, the upper limit
of 𝑄 was approximately 1500𝐴√𝐻 in cases A1, A3,
and A9. Flame ejection from the opening continued
during the surface combustion period. However, as the
size of the ejected flame was relatively small, the
combustion was considered to be almost complete
within the compartment. In case A7, the 𝑄 during the
surface combustion period was below 1500𝐴√𝐻. This
could be attributed to the shift to fuel-controlled fire, as
the wood fuel load was low while the size of the
opening was relatively large in case A7. Note that in
ventilation-controlled fires, the gas temperature rose
higher in the near side than the far side, in contrast to
fuel-controlled fires. This suggests that the air supplied
through the opening was burnt within a short duration
after being introduced into the compartment.
Maximum compartment gas temperature
Fig. 4 compares the maximum compartment gas
temperature in each case with the upper limit of fire
temperature 𝑇
by the Law model [9], which is
given by,
𝑇
Ω=

= 6000
𝐴 −𝐴
𝐴√𝐻

1 − exp −0.1Ω
√Ω

(1)

(2)

where 𝐴 is the total area of compartment surfaces, 𝐴
is the area of the opening, and 𝐻 is the height of the
opening. For small Ω, the maximum gas temperature
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the maximum temperature is still determined using Eq.
1, this does not resolve the discrepancies in Fig. 4.
Based on a series of compartment fire experiments,
Ohmiya et al. showed that the threshold between the
ventilation-controlled and fuel-controlled fires is
determined by the burn type factor, 𝜒 , (ventilationcontrolled fire when 𝜒 ≤ 0.081 , and fuel-controlled
fire when 𝜒 0.081) [6]. Thus, 𝜒 was used to regress
the maximum compartment gas temperature measured
in this experiment as follows,
𝑇
𝜒=

Fig. 5. Regression results of the maximum
compartment gas temperature using the burn type
factor.

measured in this experiment was within the upper limit,
𝑇
, by the Law model. However, for large Ω , the
maximum gas temperature measured in this
experiment was much higher than the 𝑇
by the
Law model. This is because 𝑇
only considers the
geometries of the compartment and the opening, and
does not account for the other important conditions,
such as the heat loss to the compartment surfaces, the
fire duration, 𝑡 , depending on the amount of
combustibles, and the surface area of combustibles, 𝐴 .
In particular, the effects of 𝑡 and 𝐴 are considered
to be more significant when a large amount of wood is
brought into the compartment. Note that the prediction
of the compartment gas temperature by the Law model
can be adjusted by adding an optional term associated
with the amount of combustibles to Eq. 1. However, as

= 1165.8 − 2196.9𝜒 𝑅 = 0.739
𝐴
𝐴√𝐻

(3)
(4)

The relationship between the data points and the
regression is shown in Fig. 5. Although there are
variations in the data points, a clear relationship can be
seen where 𝑇
decreases as 𝜒 increases. The
model in Eq. (3) is effective in that it provides a simple
procedure for evaluating the 𝑇
, although it still
does not solve the issues involved in the Law model.
Analysis
Following the derivation procedure of the MQH
model [11], an equation for the maximum
compartment gas temperature in the fully-developed
phase was derived by considering the effects of
radiative heat loss through the opening and the
difference in burn type (ventilation-controlled or fuelcontrolled fire).
Energy conservation
Assuming that the gas in the fire compartment is well
stirred and generally in a quasi-steady state during the
fully-developed phase of a fire, the energy conservation
equation can be approximated as follows (Fig. 6).

Fig. 6. Schematic representation of heat and mass transfer in a fire compartment during the fully-developed phase.
– 8 –
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(5)

+𝑄 +𝑄

where 𝑄 is theHRR, 𝑐 is the specific heat of gas,
𝑚 is the rate of mass transfer through the opening, 𝑇
is the compartment gas temperature, 𝑇 is the
ambient gas temperature, 𝑄 is the rate of heat loss to
the compartment surfaces, and 𝑄 is the rate of
radiative heat loss through the opening. In Eq. (5), the
supply rate of combustible gas due to pyrolysis of
combustibles was considered to be sufficiently small
compared to the ventilation rate 𝑚.
The rates of heat loss from the compartment gas to
the compartment surfaces and to the outside through
the opening, 𝑄 and 𝑄 , are given by the following
equations, respectively,
𝑄 =ℎ 𝑇−𝑇

∙𝐴

𝑄 =𝜎 𝑇 −𝑇

=ℎ 𝑇−𝑇

(6)
∙𝐴

(7)

where 𝜎 is the Stefan-Boltzmann constant, ℎ is the
heat transfer rate of the compartment surfaces, ℎ is
the effective heat transfer rate that considers the
radiative effect, 𝐴 is the area of compartment
surfaces, and 𝐴 is the area of the opening. Note that in
Eq. (6), the surface temperature of the compartment
surfaces is assumed to be equal to the compartment gas
temperature 𝑇 for simplicity [11]. The emissivity of
the compartment is assumed to be unity. The heat
transfer rates, ℎ and ℎ can be expressed as follows,
𝛿
⎧ 𝑘𝜌𝑐
𝑡≤
⎪
𝜋𝑡
𝜋 𝑘⁄𝜌𝑐
ℎ =
⎨ 𝑘
𝛿
⎪
𝑡≥
𝜋 𝑘⁄𝜌𝑐
⎩ 𝛿
ℎ =𝜎 𝑇 +𝑇

𝑇 + 𝑇 ~𝜎𝑇

𝑔 𝐴√𝐻

∆𝐻
∆𝐻
∙ 𝑚~
∙ 𝜌 𝑔 𝐴√𝐻
⎧
𝛾
𝛾
⎪
⎪ ventilation-controlled: 𝜒 ≤ 0.081
𝑄=

(9)

(10)

where 𝐻 is the height of the opening.
The HRR, 𝑄 , needs to be modeled differently

⎨
⎪
⎪
⎩

𝜎𝑇
∆𝐻 𝑚 ∙ 𝐴 ~∆𝐻
∙𝐴
𝐿
fuel-controlled: 𝜒 > 0.081

(11)

where ∆𝐻 is the heat of combustion, 𝛾 is the
stoichiometric air-to-fuel ratio, 𝑚 is the mass
burning rate, 𝐿 is the latent heat of pyrolysis, and 𝐴
is the fuel surface area. In fuel-controlled fires, 𝑚 is
assumed to be proportional to the radiation from the
compartment gas, 𝜎𝑇 , which is not distinguished
from the radiation from the flame.
Governing equations
By substituting Eqs. (6), (7), and (10) into Eq. (5), the
following relationship for the dimensionless
temperature rise 𝑇 − 𝑇 ⁄𝑇 can be derived,
𝑄
𝑇−𝑇
=
𝑇
𝑐 𝑚𝑇 + ℎ 𝐴 𝑇 + ℎ 𝐴𝑇
𝑄
𝑐 𝜌 𝑔 𝐴√𝐻 𝑇
~
ℎ 𝐴
ℎ 𝐴
1+
+
𝑐 𝜌 𝑔 𝐴√𝐻
𝑐 𝜌 𝑔 𝐴√𝐻

(8)

where 𝑘 , 𝜌 , and 𝑐 are the thermal conductivity,
density, and specific heat of the compartment material,
respectively. Note that as the LVL boards fell out within
a relatively short time after ignition, the thermophysical properties of calcium silicate board ( 𝑘 = 0.17 ×
𝜌 = 420 kg ∙ m , and 𝑐 =
10 kW ∙ m ∙ K ,
1.0 kJ ∙ kg ∙ K
) were used for those of the
compartment material in the subsequent analysis. In
Eq. (9), it is assumed that the compartment gas
temperature, 𝑇 , is substantially higher than the
ambient gas temperature, 𝑇 ≫ 𝑇 .
The rate of mass flow through the opening, 𝑚, which
is determined by the pressure difference between the
inside and outside of the compartment, is formulated
as follows [17],
𝑚~𝜌

depending on the burn type inside the compartment,
i.e., ventilation-controlled or fuel-controlled fire. In
accordance with the classification of the burn type
factor, 𝜒 [6], the 𝑄 can be expressed as follows,

(12)

The terms in Eq. (12) are dimensionless parameters
that govern the fire behavior inside the compartment.
Thus, according to the procedure presented by
McCaffrey et al. [11], regression of the following powerlaw model by the experimental data was considered.
𝑇−𝑇
∝
𝑇
𝑐 𝜌
×

×

𝑄
𝑔 𝐴√𝐻 𝑇
ℎ 𝐴

𝑐 𝜌

𝑔 𝐴√𝐻

(13)

ℎ 𝐴
𝑐 𝜌

𝑔 𝐴√𝐻

where 𝐿 , 𝑀 , and 𝑁 are the power indices to be
determined by regression. However, the 𝑄 in the first
term on the right-hand side of Eq. (13) contains the
term of the fourth power of the temperature 𝑇 in case
of the fuel-controlled fire (Eq. (11)). Similarly, the third
term contains the effective heat transfer rate ℎ , which
is the term of the third power of the temperature 𝑇
(Eq. (9)). The temperature 𝑇 must be shifted together
to the left-hand side for regression of the data.
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Table 2. Regression results for the power law models.
Burn type
𝐶
𝑙
𝑚
𝑛
Ventilation-controlled 5.34
-0.297
0.210
Fuel-controlled
8.61
0.708
-0.376

𝑅
0.619
0.748

Fig. 7. Comparison of compartment gas temperatures. The results for ventilation-controlled fires and fuel-controlled
fires are on the left- and right-hand sides, respectively.
Eq. (13) is transformed by focusing on the fuelcontrolled fire in which both the first and third terms
contain a power term of temperature 𝑇. Assuming that
𝑇 ≫ 𝑇 during the fully-developed phase, and thus,
𝑇 ~ 𝑇−𝑇
and 𝑇 ~ 𝑇 − 𝑇
, Eq. (13) can be
transformed as,

Model F:
∆𝐻 𝜎𝑇 ⁄𝐿 ∙ 𝐴
𝑇 − 𝑇∞
=𝐶∙
𝑇∞
𝑐 𝜌∞ 𝑔 𝐴√𝐻 𝑇∞
×

𝑇−𝑇
∆𝐻 𝜎𝑇 ⁄𝐿 ∙ 𝐴
∝
𝑇
𝑐 𝜌 𝑔 𝐴√𝐻 𝑇
×

×

ℎ 𝐴
𝑐 𝜌

𝑔 𝐴√𝐻

𝑐 𝜌

×

𝑔 𝐴√𝐻

(14)

𝜎𝑇
𝜎𝑇

∆𝐻 𝜎𝑇 ⁄𝐿 ∙ 𝐴
𝑐 𝜌

𝑔 𝐴√𝐻 𝑇
𝜎𝑇 𝐴

𝑐 𝜌

𝑔 𝐴√𝐻

ℎ 𝐴
𝑐 𝜌

𝑐 𝜌∞ 𝑔 𝐴√𝐻
𝜎𝑇 𝐴
𝑐 𝜌∞ 𝑔 𝐴√𝐻

𝜒 > 0.081

where 𝐶 is the coefficient, and 𝑙 , 𝑚 , and 𝑛 are the
power indices. Note that in the right-hand side of Eq.
(15), the first term contains the burn type factor, 𝜒 =
𝐴 ⁄𝐴√𝐻 , by Ohmiya et al. [6] and the second term
contains an approximate form of the parameter, Ω =
𝐴 − 𝐴 ⁄𝐴√𝐻, by Law [9]. A similar equation can be
derived for the ventilation-controlled fire by
transforming Eq. (13) as follows,

𝜎𝑇 𝐴

𝜎𝑇
×
𝜎𝑇
~

×

(15)

𝐴

Model V:

𝑔 𝐴√𝐻

𝑇 − 𝑇∞
∆𝐻
=𝐶∙
𝑇∞
𝛾𝑐 𝑇∞

𝑇−𝑇
∙
𝑇

In Eq. (14), both sides contain the dimensionless
temperature rise 𝑇 − 𝑇 ⁄𝑇 , which can be shifted to
the the left-hand side and integrated together without
losing generality. Thus, the equation for the
𝑇 − 𝑇 ⁄𝑇 in the fuel-controlled fire is derived as
follows,

×

𝐴
𝑐 𝜌∞ 𝑔 𝐴√𝐻

𝜎𝑇 𝐴
𝑐 𝜌∞ 𝑔 𝐴√𝐻

(16)

𝜒 ≤ 0.081

However, note that the coefficient, 𝐶 , and the power
indices, 𝑙, 𝑚, and 𝑛, take different values between the
fuel-controlled (Eq. (15)) and the ventilationcontrolled (Eq. (16)) fires. While 𝑄 in the
compartment must be given explicitly in the MQH
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model, the model shown in Eqs. (15) and (16) allows
evaluation of 𝑄 in terms of the compartment
geometry and the fuel surface area.
Regression of experimental data
Prior to regression of the experimental data, the
compartment gas temperature was sampled for each
test case. Considering the difference in fire duration, 𝑡 ,
between the cases, the maximum compartment gas
temperature, 𝑇 , was systematically sampled at 20min intervals for cases A1 to A6, 10-min intervals for
cases A7 to A12, 6-min intervals for cases A13 to A18,
and 3-min intervals for cases B1 to B9. However, the
data of case A2 were excluded from the analysis
because after the experiment some thermocouple trees
were found not to have been adequately installed. As
for case B8, only the data measured before the
occurrence of the damage and falling out of the side
wall were used. This resulted in 84 and 12 samples
available for the analysis of ventilation-controlled and
fuel-controlled fires, respectively. The regression
results are summarized in Table 2. The measured and
predicted maximum compartment gas temperatures
are compared in Fig. 7.
For the ventilation-controlled fire, the power index
for the term of the heat loss to the compartment
surfaces was 𝑚 = −0.297 , which was close to the
power index adopted in the MQH model, 𝑚 = −1/3. It
should be noted, however, that the target of the MQH
model is a fire during the early stage of development
[11], whereas the present model also targeted the fullydeveloped phase. The power index for the term of
radiative heat loss through the opening was 𝑛 = 0.210.
By eliminating the parameters that can be treated as
constants under ambient conditions, this term is
proportional to 𝐻 . . Thus, its effect on the
temperature rise can be regarded as minor. The power
index for the heat release term, 𝑙 , could not be
determined as the variability of the type of
combustibles was not considered in this experiment.
However, considering that this term itself is
approximately constant regardless of the type of
combustibles present [18], ignoring this term could
have a minor impact on evaluating the 𝑇 from the
viewpoint of engineering application.
For the fuel-controlled fire, the experimental results
were generally well regressed although the number of
data was relatively small. The power index for the heat
release term was 𝑙 = 0.708 . This represents the
characteristics of the fuel-controlled fire that
𝑇 − 𝑇 ⁄𝑇 increases as 𝐴 increases. This value
was close to the power index of the corresponding term
adopted in the MQH model, which was 𝑙 = 2/3 [11].
The power index for the heat loss term to the
compartment surfaces was 𝑚 = −0.376 , which was
close to 𝑚 = −0.297 for the ventilation-controlled
fire and 𝑚 = −1/3 of the MQH model [11]. That is, the
similarity relationship obtained for fuel-controlled

fires in this experiment was equivalent to that of the
MQH model regardless of the fire phase. Note that the
power index for the term of radiative heat loss through
the opening, 𝑛 , was excluded from the regression
because the number of degrees of freedom for the
relevant condition was limited to 2 for the fuelcontrolled fire.
Time development of compartment gas temperature
Based on the above discussion, the coefficient, 𝐶 ,
was obtained by setting the power indices in Eqs. (15)
and (16) to 𝑙 = 2/3 and 𝑚 = −1/3 as in the MQH
model, and by additionally setting 𝑛 = 0 . By further
substituting values for parameters that can be regarded
as approximately constant under ambient conditions,
the following relationships were obtained.
Model V:
𝑇 − 𝑇 = 442

⁄

ℎ 𝐴

𝜒 ≤ 0.081

𝐴√𝐻

(17)

Model F:
𝑇 − 𝑇 = 89.9

⁄

ℎ 𝐴

⁄

𝐴

𝐴√𝐻

(18)

𝐴√𝐻
𝜒 > 0.081

Note that the heat transfer rate ℎ in Eqs. (17) and (18)
is a time-dependent parameter. Following the procedures adopted by Tanaka et al. [12] and Matsuyama et
al. [13], Eqs. (17) and (18) can be transformed by
substituting Eq. (8) as follows,
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Model V:
𝑇 −𝑇

=

⁄

𝐴√𝐻
⎧
⎪535 𝐴 𝑘𝜌𝑐

𝑡

⁄

𝑡≤

⁄

⎨
𝐴√𝐻
⎪ 442
𝑘 ⁄𝛿
𝐴
⎩

𝑡≥

𝛿
𝜋 𝑘⁄𝜌𝑐

(19)

𝛿
𝜋 𝑘⁄𝜌𝑐
𝜒 ≤ 0.081

Model F:
𝑇 −𝑇
𝐴√𝐻
⎧
109
⎪
𝐴 𝑘𝜌𝑐
⎪
⎪
𝑡≤
⎪
=

⁄

𝐴

⁄

𝑡

𝐴√𝐻

⁄

𝛿
𝜋 𝑘⁄𝜌𝑐
⁄

⎨
𝐴√𝐻
𝐴
⎪89.9
𝐴 𝑘⁄𝛿
𝐴√𝐻
⎪
⎪
𝛿
⎪
𝑡≥
𝜋 𝑘⁄𝜌𝑐
⎩

(20)
⁄

𝜒 > 0.081
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Fig. 8. Comparison of the calculated time development of the maximum compartment gas temperature with the
experimental data. Dotted line indicates that the onset of temperature decay is out of scope of the evaluation because
the model does not account for the burnout of fuel.

where 𝛿 is the width of the compartment material.
Note that the model F does not consider the change of
the fuel surface area, 𝐴 , over time accompanied by the
flame spread on combustibles. This is based on the
observation of the present experiment, in which the
wood crib and the LVL boards were entirely covered by
the flame in a short time after ignition. Such an
assumption may introduce an error in the evaluation of
the compartment gas temperature during the early
stage of fire, especially in cases where the rate of flame
spread over combustibles is low.
Fig. 8 compares the results of the calculations using
Eqs. (19) and (20) with the experimental results. The

target cases correspond to those in Fig. 3 where A1, A3,
A7, and A9 are for ventilation-controlled fires, and B4
and B6 are for fuel-controlled fires. For the
experimental results, the temperatures at the top of the
thermocouple trees placed in the near and far sides
from the opening are shown. For all cases, the
calculation results are shown as thick solid lines. The
calculated temperatures rose in proportion to the
1/6th power of the time from ignition, and then
remained constant as the heat conduction in the
compartment material shifted to a steady state after
approximately 50 min. Note that the model calculations
do not account for the burnout of combustibles, thus

– 12 –

PSMIJ, Vol. 2, Issue 2 (2021) Article 02-02-08, pp. 1–14

K. Himoto et al.

the attenuation of temperature is beyond the scope of
the comparison.
For the two fuel-controlled fire cases in the lower row,
the combustibles burned out before the heat
conduction in the compartment material reached a
steady state. The agreement between the results of the
calculation and experiment was reasonable for both
cases B4 and B6.
For the four ventilation-controlled fire cases in the
upper and middle rows, the agreement between the
calculated and experimental results decreased in
comparison to that of the fuel-controlled fire cases. In
cases A1 and A3 with smaller openings, 𝑇 was
underestimated, while in cases A7 and A9 with larger
openings, 𝑇 was reasonable. One possible reason for
this is that in the present model, 𝑄 was assumed to be
constant during the entire duration of the fire. However,
the experimental data in Fig. 3 showed that the mode of
combustion in the ventilation-controlled fires can be
categorized into two different regimes: one in which
the combustion of the virgin portion of wood is
dominant and another where the surface combustion of
the char layer is dominant. This was in contrast to the
less variation in 𝑄 in fuel-controlled fire during the
fully-developed phase.
Conclusions
In this study, the gas temperature during the fullydeveloped phase of a fire occurring in a compartment
with varying wood fuel load was investigated
experimentally. The major conclusions were as follows.
• For the small opening cases (mostly ventilationcontrolled fires), the increase in amount of wood had
less impact on the HRR, but the fire duration was
longer and the maximum temperature was higher.
The combustion mode can be categorized into two
different regimes: one in which combustion of the
virgin portion of wood is dominant, and another
where the surface combustion of the char layer is
dominant.

surfaces was approximately −1/3 for both
ventilation-controlled and fuel-controlled fires,
which was consistent with that of the MQH model.
Whereas the calculation results were in good
agreement with the experimental results for the
fuel-controlled fires, those of the ventilationcontrolled fires were less satisfactory. This was
partly because the model does not consider the
change in combustion mode in the compartment.
Future work includes comparing the model derived in
this study with the results of experiments conducted
under different conditions. This allows us to examine in
more detail the effects of the heat loss due to radiation
from opening, or the size of the fuel surface area on the
compartment gas temperature which were not
considered in existing models.
Appendix
Although there are several viewpoints that can be
considered when scaling the fuel load, the fire duration,
𝑡 , is appropriate for evaluating the hazard to the
components of the compartment. According to
Kawagoe, the mass loss rate inside a fire compartment
is proportional to the ventilation factor, 𝐴√𝐻 [19].
Thus, if the fuel load in the compartment is 𝑊, the 𝑡
can be approximated as,
𝑡 ∝

𝑊
𝐴√𝐻

(A1)

Fig. A1 shows the result of this experiment with the lefthand side of Eq. (A1) on the vertical axis and the righthand side on the horizontal axis. In this experiment,
two types of compartments with different dimensions,
A and B, were used. The data points of both
compartments are well correlated, which confirms the
validity of Eq. (A1). This result implies that the
following relationship for the fuel load holds between

• For the large opening cases, the increase in amount
of wood led to increases in the HRR and
compartment gas temperature. The change in
combustion mode observed in the small opening
cases was not observed.
• Following the derivation process of the MQH model,
the compartment gas temperature during the fullydeveloped phase of a fire was modeled. In the model,
radiative heat loss through the opening and the
difference between the ventilation-controlled and
fuel-controlled fires were taken into consideration.
For fuel-controlled fires, the effect of fuel surface
area on compartment gas temperature was explicitly
considered. Regression of the experimental data
using the derived model showed that the power
index for the term of heat loss to the compartment

Fig. A1. Correlation between 𝑊 ⁄𝐴√𝐻 and 𝑡
present experiment.

– 13 –

in the

PSMIJ, Vol. 2, Issue 2 (2021) Article 02-02-08, pp. 1–14
the model scale, 𝑊
𝑊
𝑊

=

, and the full scale, 𝑊

√

K. Himoto et al.

.
(A2)

√

However, as this relationship gives different similarity
ratios depending on the size of the opening, even for
compartments of the same dimensions, it is relaxed by
introducing an assumption that 𝐴√𝐻~𝐷 ⁄ . This gives,
𝑊
𝑊

=

𝐷
𝐷

⁄

(A3)

If this assumption holds, the fuel load in the
compartment A ( 𝐷 = 0.6 m ) is equivalent to that
between 464 and 1145 kg in the full scale compartment
(𝐷 = 2.5 m ), and the fuel load in the compartment B
(𝐷 = 0.9 m) is equivalent to that between 171 and 760
kg in the full scale compartment (𝐷 = 2.5 m).
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